The binding of acetylcholine to receptors in the intact heart causes a decrease in the frequency (chronotropic effect) and force (ionotropic effect) of contraction. The studies reported here demonstrate a chronotropic response of cultured embryonic chicken heart cells to the muscarinic agonist carbamoylcholine. ¶tis response is markedly decreased after a 3-hr incubation with 0.1 mM carbamoylcholine. In order to determine whether agonist-induced alterations in muscarinic receptors were responsible for this decrease, we studied the effects of incubation with carbamoylcholine on the binding of the 3'H-labeled muscarinic The binding of acetylcholine (AcCho) to muscarinic receptors of the myocardial cell causes a decrease in the frequency and force of contraction. Evidence for the presence of muscarinic AcCho receptors in cultured heart cells is based primarily on studies of the chronotropic effects of muscarinic agonists (1-3). Although early studies suggested that chicken heart cells in culture were insensitive to the effects of f,-adrenergic and cholinergic agonists (1), other groups have demonstrated negative chronotropic effects of cholinergic agonists after 15-30 min of incubation (2, 3). A recent study using a rapid-flow technique suggested that cultured heart cells were capable of an immediate response to as little as 1 nM AcCho (4). Autoradiographic observations suggest that the potent muscarinic antagonist quinuclidinyl benzilate (QNB) binds specifically to cultured mouse heart cells (5). However, studies of properties of direct ligand binding to muscarinic receptors in heart cell cultures have not been reported.
agonists and antagonists in concentrations consistent with their known potency. Binding was poorly inhibited by the nicotinic antagonist D-tubocurarine. Kinetic analysis of the binding of QNB by muscarinic receptors showed that initially the reaction proceeds by formation of a rapidly reversible complex with a Kd of 1.8 nM, which is converted to a slowl reversible form. These properties of muscarinic receptors in heart cell cultures are strikingly similar to those observed in homogenates of intact hearts. Homogenates of heart cell cultures bound 84 ± 6 fmol (mean ± SD) of QNB per mg of protein. The number of receptors remained stable from day 4 to day 8 in culture. Incubation of cultures with 0.1 mM carbamoylcholine for 3 hr decreased QNB binding by 55%, to 38 ± 5 fmol/mg protein. When cell cultures were first homogenized and then incubated with carbamoylcholine, no decrease in QNB binding sites could be detected. Thus, incubation with carbamoylcholine causes loss of muscarinic binding sites as well as decreased physiologic responsiveness to muscarinic agonists.
The binding of acetylcholine (AcCho) to muscarinic receptors of the myocardial cell causes a decrease in the frequency and force of contraction. Evidence for the presence of muscarinic AcCho receptors in cultured heart cells is based primarily on studies of the chronotropic effects of muscarinic agonists (1) (2) (3) . Although early studies suggested that chicken heart cells in culture were insensitive to the effects of f,-adrenergic and cholinergic agonists (1) , other groups have demonstrated negative chronotropic effects of cholinergic agonists after 15-30 min of incubation (2, 3) . A recent study using a rapid-flow technique suggested that cultured heart cells were capable of an immediate response to as little as 1 nM AcCho (4). Autoradiographic observations suggest that the potent muscarinic antagonist quinuclidinyl benzilate (QNB) binds specifically to cultured mouse heart cells (5) . However, studies of properties of direct ligand binding to muscarinic receptors in heart cell cultures have not been reported.
After exposure to agonists, many types of hormone receptors rapidly become desensitized (6) . Exposure of embryonic
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. chicken heart to the muscarinic agonist carbamoylcholine (CbmCho) causes slowing of beating rate, but a return to control beating rate occurs within 1-2 min (7). More prolonged exposure of hormone-sensitive tissues to f3-adrenergic and prostaglandin agonists markedly decreases the number of sites available for specific binding of radiolabeled ligands (8) (9) (10) . In those systems in which hormones produce increased adenylate cyclase activity, incubation with agonists also results in "partial desensitization" of the adenylate cyclase response (8) (9) (10) In all cases, the embryonic ages given were determined by comparison with the description by Hamburger and Hamilton (13) .
Heart cell cultures were prepared by a modification of the method of DeHaan (14) as described (7) . Hearts were removed, minced, and incubated with 0.025% (wt/vol) trypsin in Ca2+-and Mg2+-free Puck's saline G at 37°C for 8 min. The trypsin solution was removed and diluted into medium M-199 containing 20% heat-inactivated horse serum at room temperature. After successive trypsinizations, suspensions of trypsinized cells were sedimented at 1000 rpm in a desk-top centrifuge, resuspended in growth medium, and incubated in a 100-mm petri dish (Falcon) for 45 min at 37°C in a humidified atmosphere of 5% C02/95% air. During this incubation, nearly 95% of the fibroblasts in the suspension adhered to the dish. The heart cells then were plated at a density of 2.0 X 104 cells per cm2 on collagen-coated 100-mm petri dishes. On the third day of incubation, the medium was changed. Cells were harvested on culture day 4 to terminate the incubation. The reaction mixture was passed through a Whatman glass fiber (CF/C) filter, the assay tube was washed three times (with 5 ml of wash medium each), and filters were dried and assayed for radioactivity in a liquid scintillation counter with 10 ml of Triton X-100/toluene/ Liquifluor (New England Nuclear) (2:1:0.19, vol/vol). Protein was determined by a modification of the procedure of Lowry et al. (15) after precipitation of the homogenate protein with trichloroacetic acid. Unlabeled QNB was a gift of Hoffmann-La Roche.
Specific binding is defined as binding inhibited by saturating concentrations (0.1 mM) of oxotremorine (see Fig. 1 
Binding of [3HJQNB to Muscarinic AcCho Receptors in Heart Cell Cultures. In order to study directly (i) whether muscarinic receptors in heart cell cultures reflect the properties of receptors from intact hearts and (ii) whether differences in physiologic responsiveness to We tested the ability of selected cholinergic ligands to inhibit [3H]QNB binding (Fig. 3) (Fig. 5) . In each case the dissociation was biphasic. However, after a 5-min incubation, approximately 40% of the bound [3H]QNB dissociated rapidly (t1/2 t 2 min) whereas after a 60-min incubation only 5-7% dissociated rapidly. Similar results were obtained with dissociation in the presence of 0.1 mM oxotremorine. Thus, after a 5-min incubation, a substantial fraction of [3H]QNB is bound in a rapidly reversible complex. During subsequent incubation, this complex appears to be transformed into a much more slowly reversible complex. The data are consistent with a sequential reaction mechanism for the binding of QNB (Q) to the receptor (R) to form the rapidly reversible complex QR *, with arrangement to a slowly reversible form QR:
The dissociation rate constant k-L for the rapidly reversible binding can be estimated from the initial slope of the data in (10) .
The muscarinic response is associated in some cases with guanylate cyclase activation, increases in cyclic GMP levels (21) , protein kinase activation (22) , and increased K+ permeability (23) . The markedly decreased physiologic responsiveness of cells exposed to 0.1 mM CbmCho for 3 hr might reflect the loss of a critical number of receptors required to mediate the muscarinic response or to dissociation of agonist binding from subsequent changes in guanylate cyclase activity, protein kinase activity, or increased K+ permeability. Young (24) suggested that treatment of smooth muscle with muscarinic agonists decreases receptor affinity for subsequent agonist binding and increases the Hill coefficient for CbmCho from 0.5 to 1.0. A preliminary report (25) suggested that incubation of neuroblastoma cells with muscarinic agonists produced a 60-70% decrease in muscarinic receptor number; studies of changes of affinity for agonists were not reported. Richelson (26) demonstrated an 85% decrease in the CbmCho-induced increase in cyclic GMP production in neuroblastoma cells, with a marked shift of the concentration-effect curve for the CbmCho-induced increase in cyclic GMP production to higher concentrations of CbmCho, suggesting a decrease in the number of muscarinic receptors present or decreased affinity of the receptor for CbmCho.
In the sequential mechanism proposed here for the binding The availability of a culture system in which properties of muscarinic receptors closely reflect both the physiologic and pharmacologic properties of receptors in the intact heart presents an unusual opportunity to characterize more fully modulation and expression of receptor activity and to study the phenomenon of receptor desensitization.
